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Abstract
Lubricated friction between an EPDM rubber plate and a
hemispherical steel counter surface was studied both with ex-
perimental and numerical methods. The dependence of the co-
efficient of friction on the normal load and the sliding velocity
were investigated by a series of tests, under lubricated friction
condition. The experimental setup was then modeled with finite
elements, and calculations were done assuming different slid-
ing velocities. The numerical simulation was able to model the
dependence of the penetration depth of the counter surface and
the size of contact area on the sliding velocity. The calculated
coefficient of friction vs. sliding velocity curve shows a good
agreement with the measured results.
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1 Introduction
Rubber parts are frequently used in applications with lubri-
cated friction conditions. Typical lubricated applications of rub-
ber parts are the sealing of rotary shafts or hydraulic cylinders.
Windscreen wipers and vehicle tires in wet environment are also
examples of lubricated friction of elastomer parts.
In case of lubricated sliding, the coefficient of friction is usu-
ally described as a function of load, sliding velocity and temper-
ature (viscosity of lubricant). This kind of behavior was found
by Thurston [1], Martens [2] and Stribeck [3] – whom the well
known curve is named after – studying lubricated bearings. At
lower velocities, no continuous oil film is developed between the
two contacting surfaces; and at higher velocities, the greater fric-
tion resistance is caused by the speed and temperature dependent
viscosity of the lubricant. However, in case of elastomer rub-
bing parts, the friction has another important component, which
also depends on the load, the sliding speed and the temperature.
The deformation of the rubber parts in contact is usually signifi-
cant and accordingly it affects the nature of the frictional contact
[4]. When rubber is deformed, due to its visco-elastic properties
some of the work invested is dissipated, converted into heat as
a consequence of hysteresis. Hysteresis may exert a consider-
able impact in the case of repeated stresses; at lubricated elas-
tomers as much as 50% of friction can be attributed to hysteresis
[5]. Therefore, in addition to the special mechanical properties
of elastomers (high elasticity; non-linear, time and temperature
dependent behavior), their friction, wear, and lubrication mech-
anisms also differ enormously from the processes characterizing
the behavior of metals, ceramics, and rigid polymers, therefore
their modeling also requires other techniques.
Zhang in [6] summarizes the lubrication theories for rub-
ber seals. The visco-elastohydradynamic (VEHD) lubrication
takes into account the visco-elastic and inertial effects of seal
materials on the thickness of the lubricating film. The micro-
elastohydrodynamic (MEHD) lubrication theory assumes that
the load-carrying capacity of lubricated rough surfaces is the
sum of three components, namely the hydrodynamical, the
micro-contacting and the squeezing component. The macro-
elastohydrodynamic lubrication theory of elastomers by Moore
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[7] considers the asperities of the rough counter surface.
Present paper shows experimental and numerical methods for
investigating the lubricated friction between EPDM rubber and
steel counter part. The effect of the surface roughness on the
friction was neglected in the numerical models, since in the
given arrangement it was insignificant compared to the friction
due to macroscopic hysteresis and the shearing of the lubricant.
2 Experimental
The lubricated friction characteristics of EPDM rubber filled
with carbonblack were examined in Pin-on-Plate (PoP) arrange-
ment using a Wazau Tribometer Type TRM 1000 (Dr.-Ing.
Georg Wazau Mess- und Pruefsysteme GmbH, Berlin, Ger-
many). The specimens were cut out from a 4 mm thick EPDM
plate. The counter surface pressed to the EPDM specimen was a
steel pin ending in a hemisphere with a radius of 5 mm. The av-
erage roughness (Ra) of the steel counterpart was less than 0.1
µm. Hydraulic fluid Hydraulan 407-1 of BASF (Ludwigshafen,
Germany) was used as a lubricant. Due to the horizontal ar-
rangement of the measurement configuration, the entire mea-
surement place was not required to be inundated: lubricant layer
of some milliliters thick were sufficient to ensure fluid film lu-
brication (except in some extreme cases being presented later),
because the lubricant remained on the horizontal surface of the
EPDM specimen forming an annulus along the circular wear
track of the counter surface (Fig. 1).
 
Fig. 1. Lubricated PoP measurement with a spherical pin radius of 5 mm
and an EPDM plate with a lubricant annulus along the wear track
During the series of measurements, the sliding velocity was
varied in a wide range (between 3 mm/s and 1036 mm/s) to-
gether with the load (from 5 N to 100 N). The resulting coef-
ficient of friction was recorded. First, the lowest load was set,
to be followed by the lowest sliding velocity. After one minute,
the value of the coefficient of friction was read, and then the
equipment was set to the next value of sliding velocity. This
went on like this until the highest sliding velocity was reached.
Then the measuring equipment was shut down and the load was
changed to the next value in the sequence (the device did not
need to be shut down to change the velocity, but load could only
be modified after the device was shut down), and the measure-
ment was repeated again from the lowest sliding velocity, fol-
lowed by gradual velocity increasing.
As already mentioned, the supply of the contacting area with
the fluid lubricant was ensured in nearly all cases. However,
at the highest load, sometimes it occurred that the hemisphere
pressed to the specimen with so large force that it squeezed the
lubricant out of the area between the contacting surfaces. When
lower sliding velocities were set, the hemisphere end of the pin
separated the lubricant sump, which reunited again behind the
pin, while the oil was flowing from the two sides to the middle
of the wear path. At higher velocities, however, the lubricant
did not have time to flow back after the counter surface passed,
and the lubricant was arranged into two concentric rings on the
two sides of the track on the EPDM plate. Between the two oil
rings, lubricant only remained in the form of tiny drops hardly
visible to the naked eye (diameters of drops were some tenths of
millimeters).
In order to examine wear of EPDM in a fully lubricated state,
a very lengthy measurement was carried on. This measurement
was conducted at a sliding velocity of 250 mm/s and a load of 5
N. The duration of measurement was 15 hours. Fluid lubrication
was ensured throughout the entire measurement. Upon examin-
ing the specimen surface after the measurement, no detectable
wear could be observed after 15 hours of running. Nevertheless
determining the amount of wear is a challenging task, especially
in case of lubricated friction. The methods applied in the course
of wear measurements in dry friction (like in [8]) – essentially
specimen weighing before and after the tests – cannot be imple-
mented here. On the one hand, in the lubricated case, the scale
used for measuring such minimum actual weight loss by wear is
not suitable for the purpose – however relatively accurate (the
weight loss by wear measured in a dry state was usually some
milligrams). On the other hand, some part of the lubricant is ab-
sorbed on the elastomer specimen during the experiment (due to
the phenomenon of swelling), therefore the weight is changed.
The other method coming in handy is to measure volume loss
by wear. This essentially means that some sort of surface in-
specting device is used for examining the worn specimen and
conclusions are drawn as regards volume loss by wear on the
basis of the dimensions and shape of wear tracks [9]. How-
ever, during lubricated measurements, the elastomer material
shows considerable creeping due to contact pressure resulting
from relatively high loads and long sliding time compared to
dry measurements. After measurements, a depression could be
observed even with the naked eye on the specimen surface at the
place corresponding to the expected wear track, but the surface
texture did not change (Fig. 2).
2.1 Results of the experimental tests
The measured coefficient of friction as a function of sliding
velocity and normal force is shown in Fig. 3.
On the basis of the results of the lubricated tests it can be es-
tablished that the coefficient of friction of the system increases
as the load is increased; it decreases by increasing the velocity,
and, in some cases, it rises again at higher velocities. However,
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 Fig. 2. Specimen surface after 15 hours of lubricated sliding. Appearance
of the ring-shaped groove is due to creeping rather than wear since the surface
quality has not changed. (Diameter of the track is 33 mm.)
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Fig. 3. The measured coefficient of friction as a function of the normal force
and sliding velocity in PoP arrangement, spherical counter surface (SR5)
the dependence of the coefficient of friction on the sliding ve-
locity can be explained by the Stribeck curve only in cases of
lower normal forces.
In order to explain dependence of the coefficient of friction on
the normal force, the time-dependent visco-elastic behavior of
the elastomer material must be taken into consideration. Some
part of the friction resistance of elastomer materials is due to
hysteresis, the internal friction of the material. In the arrange-
ment examined, the specimen was deformed to a larger extent
by the spherical surface of the pin as a result of the higher nor-
mal force, involving an increase in the so-called excited volume
where hysteresis loss is produced.
As a result of a higher load, the counter surface was pressed
deeper into the specimen’s surface, enlarging the contact area
also. Therefore the friction resistance attributable to boundary
layer friction – predominant at lower sliding velocities – in-
creases, and the friction due to fluid film shearing also increases,
which is characteristic at higher sliding velocities. Thus the co-
efficient of friction increases at all examined sliding velocities
as the normal force increases.
In order to explain the velocity dependence of the coefficient
of friction, the visco-elastic property of the elastomer material
must also be taken into consideration. At lower loads, the ex-
cited volume will be smaller, coupled with relatively small de-
pression, thus velocity dependent hysteresis exerts a smaller im-
pact on friction resistance. When higher loads are set, however,
a larger excited volume causes a greater prevalence of visco-
elastic impacts. In these cases, if sliding velocity is increased
during the measurement, the elastomer material of the specimen
behaves like it was harder, and because of this, the penetration
depth of the steel counter surface is reduced. This could be ob-
served even with the unaided eye during measurements: at the
highest loads (80 and 100 N), there were several tenths of mil-
limeters of differences between the penetration depth values ob-
served at the lowest and the highest velocities. This can also
explain the fact that while the measured coefficient of friction
increases by increasing the velocity at lower and medium loads
(5-50 N) and in the higher velocity range (0.6-1 m/s), at higher
loads (100 N) the coefficient of friction decreases in this veloc-
ity range. A decreased penetration depth due to higher sliding
velocity results in a decreased contact area as well as a reduction
in the excited volume. For these reasons, friction resulting from
fluid film shearing is expected to decrease on one hand because
of the reduced contact area and on the other hand to increase due
to the increased shearing rate of the lubricant film. Internal fric-
tion coming from hysteresis is decreased as the excited volume
is reduced. These are in accordance with other studies (e.g. in
[10], [11]). The exact contribution of the volumetric (hysteretic)
and the surface friction is unknown, hence the measured total
coefficient of friction decreases in this case.
3 Modeling lubricated friction
In order to obtain a detailed insight of the complex friction
phenomenon numerical simulations were performed.
A finite element model of the test arrangement described
above was produced. In this 3D model, the specimen was mod-
eled by 1250 three-dimensional, eight-node brick elements [12],
but after local remeshing (adaptive element splitting [13]), the
model consisted of 7410 elements by the end of the calculation
(Fig. 4). The length of the elements’ edge varied between 0.5
and 2 mm. The lubricant was not modeled in the calculations,
the effect of lubricated friction was considered as a constant pre-
scribed coefficient of friction between the rubber and the coun-
terpart, as described later.
3.1 Material properties
The non-linear material behavior of the elastomer specimen
was taken into consideration by using a two-parameter Mooney-
Rivlin model (C10 = 320 MPa, C01 = 80 MPa), and its visco-
elastic properties by a 15-term generalized Maxwell model. The
material properties of the rubber were derived based on stress
relaxation measurements (the material properties described in
reference [14] were used for modeling). The substrate to which
the specimen was affixed before the measurement and the hemi-
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Fig. 4. 3D finite element model (the elements are dark; the surfaces consid-
ered to be rigid are light grey). Adaptive local remeshing was applied in the
contact area.
spherical counter surface were considered to be ideally rigid.
This assumption is reasonable if one considers the fact that the
steel has four orders of magnitude higher elastic modulus than
the rubber specimen.
3.2 Loads and contact conditions
The 100 N load acted on the substrate, and the hemispherical
counter surface was moving along the circular track of 33 mm
diameter in accordance with the measurement, at various sliding
velocities applied in the measurement as well. No displacement
was possible between the substrate and the specimen; the coeffi-
cient of friction specified between the specimen and the counter
surface was defined at µ = 0.06 in order to take into considera-
tion the friction developing on the rubbing surfaces. The value
of the surface coefficient of friction was determined by a prelim-
inary FE calculation at 3 mm/s. In this preliminary calculation
the surface friction was neglected, so there was no coefficient of
friction prescribed between the contacting surfaces. The calcu-
lated coefficient of friction was then subtracted from the mea-
sured one and the result was applied as the surface coefficient of
friction.
In the simulations, load was added to the model gradually
within the period of 0-0.1 s; the counter surface started to rotate
afterwards. In case of each sliding velocity, the sliding time was
divided into 1000 increments, during which the counter surface
revolved around twice, since due to the local remeshing, the re-
sults showed some scattering during the first revolution. The
results shown below were taken at the end of the second revolu-
tion, when the steady state was achieved.
3.3 Results of the simulations
Fig. 5 shows the contact area and the penetration depth of the
counter surface for the sliding velocities examined.
Based on the results, it can be established that the counter sur-
face moving at a higher velocity can be pressed into the rubber
surface to a lesser extent; thereby the contact area will also be
smaller. There is a 0.25 mm difference between the penetration
values corresponding to the lowest and the highest velocity, re-
spectively.
After the calculations, the total friction resistance correspond-
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Fig. 5. Contact area and penetration depth of the counter surface in function
of sliding velocity
ing to each velocity value was also specified. Friction torque
(torque of the counter surface in direction z) was queried from
the finite element result files, and the coefficient of friction was
calculated therefrom. Changes in the coefficient of friction cal-
culated from the reaction torque are shown in Fig. 6. The figure
also indicates measured results corresponding to the examined
load of 100 N.
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Fig. 6. Coefficient of friction in function of sliding velocity
4 Conclusions
Fig. 6 shows that the velocity dependence of the coefficient of
friction determined in the course of the series of measurements
conducted in lubricated friction was successfully modeled by
the series of calculations. The measured and calculated values
of the coefficient of friction show good agreement. At the high-
est sliding velocity, lubricant viscosity probably decreased so
much due to friction heat generation in the course of the mea-
surement that a greater difference was produced than could be
observed at the other velocities, since the surface friction due to
mixed lubrication and lubricant film shearing was considered as
a constant prescribed coefficient of friction in the calculations.
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